Individuals with autism constitute a variable population whose members are spread along the autism spectrum. Subpopulations within that spectrum exhibit other conditions, such as anxiety, intellectual disabilities, hyperactivity and epilepsy, with different severities and co-occurrences.
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Israel Science Foundation, Grant/Award Number: 515/17; Ben-Gurion University of the Negev Individuals with autism constitute a variable population whose members are spread along the autism spectrum. Subpopulations within that spectrum exhibit other conditions, such as anxiety, intellectual disabilities, hyperactivity and epilepsy, with different severities and co-occurrences.
Among the genes associated with the increased risk for autism is the methylenetetrahydrofolate-reductase (MTHFR) 677C>T polymorphism, which impairs onecarbon (C1) metabolic pathway efficiency. The frequency of the MTHFR677TT homozygote is markedly higher among autism patients and their mothers than in the general population. Here, we report on the Mthfr heterozygous knockout (KO) mouse as a rodent model of autism that shows the contributions of maternal and offspring genotypes to the development of autistic-like behaviors. Maternal Mthfr-deficiency was associated with developmental delays in morphogenic features and sensory-motor reflexes in offspring. In the adult male mouse, behaviors representing core autism symptoms, such as repetitive behavior and restricted interest, were affected by maternal genotype while social behaviors were affected by both maternal and offspring genotypes. In females and males, behaviors associated with autism such as memory impairment, social aggression and anxiety were affected by both the maternal and offspring Mthfr genotypes, with sex-dependent differences. Mthfr-deficient male mice with observable impacts on behavior presented a particular laminar disturbance in parvalbumin interneuron density and innervation in superficial and deep layers of the cingulate cortex. This mouse model of autism will help to elucidate the molecular mechanisms that predispose a significant subgroup of autistic patients to abnormal development and to distinguish between the in-utero and autonomous factors involved in autism.
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autism, developmental delay, in-utero, one-carbon metabolism, social behavior 1 | INTRODUCTION genes and environmental factors. Among the genes associated with the increased risk for ASD is methylenetetrahydrofolate reductase (MTHFR, Entrez Gene ID: 4524), whose activity strongly affects the C1 metabolic pathway. The activity of the enzyme, however, is depressed by the MTHFR 677C>T polymorphism (rs1801133), the genotype frequency of which is markedly higher among ASD patients and their mothers than in the general population (11% of non-autistic Caucasians in the United States), [9] [10] [11] [12] [13] [14] [15] [16] [17] see also meta-analysis by Rai. 18 The importance of the C1 metabolic pathway to healthy human development has been shown in several studies. Support for an additive effect of C1 metabolism enzymes in the in-utero environment that promotes normal neurogenesis was shown in a large-scale casecontrol study, where the risk for ASD among newborns to mothers with the MTHFR 677TT genotype was increased by the presence of additional gene variants in C1 metabolism. 16 That study also suggested that the risk for ASD children among the same population of mothers is reduced when folic acid (FA) and prenatal vitamin supplements were taken periconceptionally and in the first trimester of pregnancy. 16, 17 A meta-analysis performed by Pu et al. confirmed that the polymorphic allele MTHFR677T was more abundant in the ASD population compared with the general population, 15 and they also reported that FA fortification had a protective effect. In addition, regardless of genotype, a significant subgroup of children diagnosed with ASD exhibit low C1 metabolism activity compared with controls based on their C1 metabolite levels. 12, [19] [20] [21] These differences may reflect the effects of genetic variations and/or of other factors, such as eating problems, which present in a large percentage of children with ASD. [22] [23] [24] We did not find evidence in the clinical literature for a similar connection between an autism-relevant phenotype and a paternal MTHFR polymorphism.
The neurological mechanisms suggested to underlie brain function in ASD involve a shift in the excitation-inhibition balance in neuronal circuits, in particular in cases where comorbidity with epilepsy occurs. 2, 3, 25 In line with this mechanism, a decrease in the size of the main GABAergic neuron population expressing parvalbumin (PV) was found in the medial prefrontal cortex (mPFC) of ASD individuals compared with those of controls. 26 This finding supports a restricted availability of gamma-amino butyric acid (GABA) in particular brain regions. In parallel with the progress that has been made in research of the GABA pathway in patients on the autistic spectrum, alterations in the GABA pathway were also described in genetic and induced murine models of autism. Failure to express PV was observed in a fraction of the interneuron populations in particular brain regions of several ASD mouse models. [27] [28] [29] [30] [31] [32] Indeed, lack of PV was sufficient to induce autistic-like behavior. 27, 33, 34 Taken together, human and rodent data support a suppression of GABA signaling in ASD that involves GABA synthesis, levels and postsynaptic proteins and that engenders significantly impaired GABA transmission.
In the present study, we aimed to validate the Mthfr-KO mouse as a model of autism by using a comprehensive battery of tests to address the core domains of ASD-like behavior and associated conditions. Since a criterion for ASD is its early onset, we tested the effects of maternal and/or offspring Mthfr deficiency on developmental milestones during lactation and at prepubertal age. In addition, we evaluated the PV expressing interneuron population, which has a profound impact on cortical circuit processing and was implicated in ASD 26 and in rodent models of ASD. Male and female mice were tested separately, and female mice were tested regardless of their estrus cycle status. When two pups from the same litter were tested, they were analyzed as individual subjects.
Mthfr−/− mice are not viable.
| Mthfr genotyping
Mothers and offspring were genotyped as described previously, 35 by using polymerase chain reaction amplification of DNA isolated from toe clips.
The primers used were as follows: sense primer 1 (5 0 -GAAGCA-GAGGGAAGGAGGCTTCAG-3 0 ) in exon 3, sense primer 2 (5 0 -AGCCTGAAGAACGAGATCAGCAG C-3 0 ) in the neo r gene, and antisense primer 3 (5 0 -GACTA GCTGGCTATCCTCTCATCC-3 0 ) in intron 3.
| Morphogenic and behavioral assessments
Offspring were tested at three different developmental stages representing critical periods of brain development: Neonates, postnatal day (P)4 to P17, at weaning, P30, and at the adult stage, P80 to P100.
To keep track of the pups' identities, beginning on P4, each mouse was marked daily with a nontoxic pen during testing sessions.
At P10, pups were marked by toe clipping while under light anesthesia with isoflurane. Litters were kept with the mother until weaning (P30), at which time they were grouped by sex.
| Developmental milestones
Pups were evaluated daily until P17 or when results in all the tests met the criteria for three consecutive days. During developmental evaluation, the mother was removed from the cage to avoid communication between dam and pups, while the newborns were left in the nest and were removed sequentially for tests. Following the tests, each pup was marked with a nontoxic pen, wiped lightly with nest material containing maternal scent, and then returned immediately to the nest.
| Morphogenic development
In addition to body weight, the evaluation included assessments of eyelid and ear canal opening, teething and fur growth, and for each of feature measured, the day and extent of appearance was recorded (0, 0.5 or 1 for no, partial or full appearance). The sensory-motor reflexes tested for included the following: Righting reflex was measured by the ability of a pup placed on its back to right itself on all four limbs in up to 30 seconds. Geotaxis is the ability to sense body orientation relative to the gravitational force. Healthy geotaxis behavior, which was tested by pup response when placed facing downward on a 45 slope included turning around and climbing upward in up to 60 seconds. 36 The rotarod performance test adjusted for neonates measured the ability of the pup to hold onto a rotating bar (one cycle/4 seconds) for a full cycle (360 ). 37 The cliff avoidance test assessed the ability of the pup to sense a cliff and avoid walking forward by measuring the time required, in up to 60 seconds, for a pup placed on the edge of a 5-cm platform with its nose facing the edge to turn away from the edge. 37 The nest finding test measured the ability of the pup to find its way back to its nest after being placed at a distance of 5 cm from it. For all the sensory-motor reflexes tested, full accomplishment of the task was considered a success. The percent of pups that successfully accomplished each task was calculated.
| Prepubertal behavioral assessment
At P30, mice were tested for several behaviors associated with ASD, including nest building, marble burying and resident-intruder (as described below). The tests were performed in the order they are listed in the methods. Mice were separated into individual cages 2 days before the beginning of the tests and handled daily for 2 minutes by the experimenter.
| Behavioral tests of adult mice
At P80-100, mice were tested in behavioral tests selected to evaluate general ASD-like behaviors and behaviors associated with autism. A week before the experiments, the mice were placed in separate cages to avoid the effect of social hierarchy on their behavior. During that week, the mice were handled daily by the experimenter for 2 minutes to adapt them to the experimenter's presence. Each mouse underwent a single test daily between 12:00 and 18:00. Males and females were tested in separate sessions in all the behavioral tests. The testing arenas were cleaned between trials with 70% ethanol. Experiments were videotaped and analyzed offline. Open field, object preference and object recognition tests were analyzed by using "EthoVision 9"
software (Noldus, the Netherlands). Sociability, social preference and social proximity tests were analyzed manually. In all cases, mice were tested in random order and coded with serial numbers to ensure that the experimenter was unable to distinguish between groups either during test sessions or subsequent analyses. The tests were performed in the order in which they are listed below.
| Open field
General behavior and exploration were tested in an open field arena.
Mice were placed for 5 minutes in a circular arena that measured 55 cm in diameter and that had 20-cm high walls. To measure exploration, mobility and anxiety-related behaviors, distance moved was analyzed. 38 In addition, the time the mouse spent in the arena center (circle of radius 5.5 cm) and around the margin of the arena (11-cm wide ring adjacent to the arena wall) was measured. The ratio of the time the mouse spent in the center of the arena to the sum of the durations it spent in the arena's center and around its margins was calculated. Shorter times spent in the center of the arena may indicate higher anxiety.
| Nest building
Different features of the nest were used to assay animal welfare and repetitive behavior. 39, 40 Prior to testing, mice were separated and 
| Marble burying
Repetitive behavior was also evaluated by marble burying. 41 Each mouse was placed in a cage with 15 marbles organized in 5 × 3 rows for a duration of 10 minutes, at the end of which the mouse was removed from the cage. Each cage was photographed before mouse introduction into and after mouse removal from it. The number of buried marbles was counted.
| Object preference
To test for restricted interest, mice were evaluated for their preference for an object. 42 Mice were placed in an arena measuring 55 cm in diameter and with 20-cm high walls into which three, differently shaped, hard shiny plastic objects (Lego-like blocks) (2 × 2 × 2 cm red square, 2 × 2 × 4 cm blue rectangle and 2 cm high × 2 cm diameter orange circle) were arranged at a fixed distance from each other. The times spent in proximity to and sniffing each object were recorded.
The object that the mouse sniffed for the longest time was defined as its preferred object. The preference index was calculated as the time the mouse sniffed the preferred object (which was different for every mouse) out of the time it spent sniffing all the objects.
| Object recognition
Twenty-four hours after the object preference test, mice were tested in the same arena for object recognition. Two of the three plastic objects were identical to the ones used the day before (Objects 1 and 2). The third object (2 × 2 × 4 cm blue rectangle) was replaced with a novel object that was similar to the others in size but different in color (2 × 2 × 4 cm green rectangle). Recognition memory (based on percent of time) was calculated as the time the mouse spent sniffing the novel object vs the time it spent sniffing all objects. 43 
| Social behavior
Mouse social behavior was assessed by testing for social preference and social novelty preference. Social preference was examined in a three-chambered apparatus that comprised a rectangular arena divided into three, equally sized chambers measuring 40 × 20 × 22 cm. 44, 45 Externally attached to either end of the apparatus was a small box (15 × 10 × 10 cm) to house the stimulus (stranger or familiar) mouse as described before. 38 On the first day of the test, an unfamiliar WT:WT adult mouse of the same sex, Stranger 1 (S1), was placed in the right-hand box while the other, identical box on the left-hand side of the apparatus was left empty (E) ( Figure 2F ).
At the beginning of the test, the test subject mouse was allowed to habituate to the middle chamber for 10 minutes, after which the dividers were removed, and the test subject was allowed to freely explore all three chambers during a 10-minute test session.
Preference for social novelty was tested in the same arena 24 hours after the sociability test. The original stranger mouse (S1, now a familiar mouse) was in the same box of the apparatus and a novel WT:WT mouse of the same sex, Stranger 2 (S2), was placed in the box at the opposite end of the apparatus ( Figure 2I ). The number of entries by the subject mouse into each of the chambers, the total duration of time it spent in each chamber and the duration it spent sniffing each box were recorded.
| Resident-intruder
Aggressive social behavior was evaluated by the resident-intruder paradigm. 46, 47 An intruder mouse was put in the home cage of the resident mouse, wherein the resident and intruder belonged to the same The results are shown as the cumulative sum of the durations of all interactions at 5, 10 and 15 minutes.
| Olfactory function
To test olfactory function, the subject mouse was placed at one end of its home cage, and the time that it took the mouse to find some small, pea-sized croutons hidden in the cage bedding at the opposite end of the cage, where the mouse feces are located, was measured.
| Immuno-fluorescence analysis of brain tissue
Three-month-old adult male mice were anesthetized by inhalation of 30% isoflurane (Minrad Inc, New York) diluted in isopropanol (Fluka Chemie GmbH, Buchs, the Netherlands), after which they were trans- 
| Statistical analysis
Statistical analysis was performed using SPSS 23.0 software. 3 | RESULTS
| Delayed development-contribution of maternal Mthfr genotype
Although autistic features are observed in early childhood in humans, researchers have invested significant effort in the identification of previously unrecognized characteristics that will enable autism diagnoses before the age of 2 years. [49] [50] [51] [52] To capture possible developmental delay, therefore, we assessed pups for the appearance of several early developmental milestones. The distinct effects of the maternal vs the offspring Mthfr deficiency similarly influenced both female and male mouse physical and sensory-motor development during lactation. The results of these tests are therefore presented without reference to pup sex (Tables 1 and 2 ).
| Morphogenesis
The offspring of Mthfr +/− genotype mothers showed delayed weight gain compared with those of WT mothers (F 1,99 = 5.16, P = 0.025) (Table 1) . Moreover, pups of Mthfr+/− mothers exhibited delayed morphogenesis, which was expressed as late eyelid opening, ear canal opening, and fur and teeth appearance relative to the pups of WT mothers (F 1,98 = 4.98, P = 0.028; F 1,98 = 16.21, P < 0.001; F 1,98 = 7.07, P = 0.009; F 1,98 = 21.79, P < 0.001, respectively). The observed delays, that is, one postnatal day, were found to be most prominent on the first day when more than 10% of WT:WT pups met the criteria for a given characteristic (ie, P7, P7-8, P5 and P5, respectively) ( Figure 1A) and later when 90% of the WT:WT pups met the criteria for full eye and ear canal openings and the appearance of fine fur (P14, P13 and P7, respectively) ( Table 1 , for more details see also Table S1 ).
| Motor and sensory reflexes
As a whole, differences in reflex development were observed on the day when the majority of the WT:WT pups met the criteria for full performance of the reflex (Table 2 and an example in Figure 1B , for more details see also Table S2 ).
Motor reflexes were evaluated by using the righting reflex and the rotarod test. Maternal and offspring genotypes were strongly associated with reductions in the percentages of pups in whom the righting reflex functioned normally (F 1,99 = 11.6, P = 0.001 and F 1,97 = 6.57, P = 0.012, respectively). Pup performances in the neonatal rotarod test were insensitive to maternal and offspring genotypes (Table 2) .
Sensory reflexes were evaluated by testing mice geotaxis, nest finding and cliff avoidance behaviors. Maternal and offspring genotypes were found to affect geotaxis (F 1,96 = 12.6, P = 0.001; F 1,96 = 8.5, P = 0.004, respectively), such that development of the reflex in the HT:WT group was delayed compared with the other two groups. Marked differences were observed on days P6 and P7, when 88% of the pups in the WT:WT group met the criteria for fully developed reflex. Similar effects were detected in nest finding ability (maternal genotype, F 1,104 = 8, P = 0.006, and offspring genotype, F 1,104 = 11.14, P = 0.001). Thus, development of nest finding ability was delayed in the HT:WT group compared with both the WT:WT and HT:HT groups (Table 2) . Finally, pup ability to avoid a cliff was governed only by maternal genotype (F 1,98 = 38.9, P < 0.001).
| Early signs of ASD-like behavior in prepubertal mice
The early appearance of symptoms is central in the diagnosis of ASDs and to distinguish autism from other disorders in which some features overlap those of autism. In humans, autistic features can already be observed in various cases in toddlers. To look for the early onset of behavioral impairments, we tested 30-day old mice shortly after weaning and before sexual maturation. This developmental stage is characterized by high individual variability and dynamic behavioral changes that occur in the course of just days. Moreover, during this period sex hormone levels gradually increase until the mouse reaches sexual maturation around age P45. To capture the narrow time window of this period, we restricted this part of the study to a small set of tests that could be performed over the course of several days.
General well-being was assessed by evaluating nest building. Altogether, both the Mthfr+/− and maternal genotypes were associated with altered offspring mice behavior at the prepubertal stage, wherein the main effect was observed in terms of general wellbeing and social interaction. We also found that the effect of sex was limited to mouse social behavior at the prepubertal age.
| Maternal and offspring MTHFR genotypes contribute to ASD-like behavior in adult mice
The core symptoms of ASD include restricted interest, repetitive patterns of behavior, communication deficits and social behavior impairments. 1 To assess maternal and offspring Mthfr+/− genotype involvement in ASD-like phenotypes in adult mice, we applied a set of behavioral tests that were previously validated as measures of the core symptom domains of autism.
54,55 Early developmental milestones tested in pups daily from postnatal day (P)4 to P14 included eye opening, ear canal opening, fur and teeth appearance and were scored as follows: absent-0, half-0.5, full appearance-1. Mean ± SEM. Two way ANOVA (univariate test) results for maternal genotype effect and ANOVA for repeated measurements (repeated measures) are presented. Significant differences are highlighted in bold. Gram (g), postnatal day (P). 
| Repetitive behavior
Assessments for repetitive behavior began with the marble burying test. 41 The maternal and offspring Mthfr+/− genotypes had opposing effects in female groups, such that the former was associated with lower and the latter with higher numbers of buried marbles (F 1,36 = 6.53, P = 0.015; and F 1,36 = 4.52, P = 0.041). In contrast to the variation found in females, the marble burying behaviors of all male groups were similar (Figure 2A) . No interactions between the fixed factors were detected.
Repetitive behavior was also evaluated based on mouse processing of the nest material. 55 Mouse sex was found to affect the extent to which they processed the nest material ( 
| Restricted interest
When mouse interest in various unfamiliar objects was tested to measure possible restricted interest, we showed a sex × maternal genotype interaction (F 1,76 = 13, P = 0.001), such that in mice with a maternal Mthfr+/− genotype background, females showed no preference for an object whereas males did, as indicated by the greater durations of time they invested sniffing the preferred object compared with WT mice (F 1,38 = 7.64, P = 0.009; F 1,35 = 5.51, P = 0.02, respectively) ( Figure 2C , see also Figure S1 ).
| Social behavior
Social behavior was assessed by using the sociability and social preference tests. In the sociability tests, females showed no preference when given the chance to explore a mouse vs an empty box. The males from both the WT:WT and HT:WT groups, in contrast, spent more time sniffing the mouse than the empty box (paired Student's ttest, P = 0.04 and P < 0.001, respectively). Lastly, the time spent sniffing each box by HT:HT mice of both sexes was unaffected by the presence of another mouse ( Figure 2D ,E). Careful evaluation of group variability showed higher within-group variability in the HT:HT mice compared with the WT:WT mice, as indicated by the larger coefficient of variance (64% and 52% for the mouse and for the empty box, respectively, in the HT:HT group, compared with 35% and 29% in the WT:WT group). No differences were found in the number of transitions between chambers.
In the preference for social novelty test, female mice of all groups showed no predilection for either the familiar or the novel mouse, indicating a lack of social novelty preference. Male mice of the WT:
WT group exhibited greater interest in the novel mouse over the familiar mouse, indicated by the larger amounts of time the tested mice spent in the novel mouse chamber (paired Student's t-test, P = 0.007). Mice from the other groups, in contrast, showed no preference for either the novel or the familiar mouse ( Figure 2G ,H, see also Sensory and motor reflex development tested in pups daily from postnatal day (P)4 to P14. Failure to perform or full performance of the task at the given time was scored 0 or 1, respectively. Mean ± SEM. mouse odor. Indeed, a lack of a deficiency in olfaction function was indicated and is in line with previous reports in Mthfr-deficient mice 38, 56 (data not shown). Overall, the maternal and offspring Mthfr genotypes were associated with impaired social behavior in male mice.
| Behaviors associated with ASD: Effects of maternal and offspring genotypes
Several behavioral traits, among which are aggression, anxiety and hyperactivity, show comorbidity with ASD. 57 Because the Mthfr genotype was strongly associated with the core symptoms of autism, we tested Mthfr-deficient mice for the behaviors associated with those conditions.
To ensure that the tests would not erroneously indicate the presence of a broad impact, mouse general behavior and well-being were examined based on assessments of nest quality and on evaluations of distance moved in the open field arena. Both assessments showed that the different mouse groups exhibited similar behavior ( Figure 3A,B) . 
| Memory
Recognition memory was intact in females of the WT:WT and HT:WT groups, both of which showed greater interest, as indicated by the longer durations of time they spent sniffing the novel compared with the familiar objects (ANOVA P = 0.007, post hoc P = 0.005 between novel and familiar Object 1, ANOVA P = 0.032, post hoc P = 0.027 between novel and familiar Object 1, respectively). In contrast, female mice of the HT:HT group explored all objects similarly, indicating that the memory of previously seen objects was impaired in those mice ( Figure 3D ). In males, the WT:WT group spent more time sniffing the novel object than they did the familiar object (ANOVA P < 0.001 post hoc: P < 0.001 between novel object and familiar Object 2 and P = 0.001 between novel object and familiar Object 1), indicating that memory of the familiar objects is intact. A complete absence of recognition memory of the familiar object was found in males of the HT:WT and HT:HT groups ( Figure 3E , see also Figure S3 ).
| Aggression
Aggressive behavior was assessed by the resident-intruder test. 47 The duration of the interaction initiated by the resident mouse was affected by sex, maternal genotype and genotype ( 
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as shown in Figure 3F , amounted to a significant difference when the total number of interactions was analyzed ( Figure 3J ). Resident males of all groups showed similar behavior patterns ( Figure 3G,L) . When examining the durations of events initiated by the intruder, a sex × maternal genotype interaction was found (F 1,27 = 8.06, P = 0.008). In this case, the behavior patterns of intruder females from all groups were mostly similar with differences in particular categories of behavior (NN and CU), but no general effect ( Figure 3H,K) . In the males, the maternal and offspring Mthfr+/− genotypes were associated with increased and decreased durations of interactions (F 1,17 = 11.5, P = 0.003; F 1,17 = 10.96, P = 0.004, respectively) ( Figure 3M ), a result that manifested mainly in the significant differences observed in the NA behavior ( Figure 3I ).
Thus, from a behavioral perspective, ASD-associated behaviors, assessed via the indicators of anxiety, memory and aggression, were present in Mthfr deficient mice, in which maternal and offspring genotypes were involved in a sex-dependent manner. A summary of adult mice behavior in tests to detect core and associated ASD behaviors is shown in Table 3 . ASD-like behavior was found to be influenced by both maternal and offspring Mthfr+/− genotypes. Interestingly, the results of assessments to detect the presence of core ASD symptoms in mice showed that maternal genotype had an apparently stronger effect than offspring genotype. Furthermore, male mice, in whom all the tested aspects of ASD-like behavior manifested, exhibited higher susceptibility to the effects of the maternal and offspring Mthfr+/− genotypes than did the females, which were not affected in all tests.
| Mthfr+/− affects PV cell density in the cerebral cortex
Alterations in the inhibitory system, specifically in PV cell numbers, were reported in ASD postmortem human brains and in mouse models of ASD. 29, 58 We investigated PV + cell density in the brains of adult mice. A strong and distinctive Mthfr-dependent ASD-like phenotype was observed in the adult male mice that was consistent with the higher rate of ASD commonly observed among males vs females. 47, 59, 60 To assess the impact of the Mthfr deficiency, therefore, we focused our search on the PV interneuron cell population in the brains of male mice. 
| DISCUSSION
The data presented here support the Mthfr-deficient mouse as a valid model to study the in-utero and postnatal impacts of MTHFR on ASD features. As a whole, the study recapitulates the major findings in humans, where the maternal MTHFR genotype was shown to be associated with increased risk for ASD in children. [9] [10] [11] [12] [13] [14] [15] [16] [17] Moreover, the mouse model enables autistic-like features that are associated with maternal genotype to be differentiated from those that depend on offspring genotype. Delayed morphogenesis was governed solely by maternal genotype, a finding that emphasizes the dependency of newborns on the C1 metabolites supplied by the mother. The dominance of the maternal genotype was maintained at prepubertal age and into adulthood, at which stage mice behavior in tests to evaluate core ASD symptoms was impaired by maternal genotype. Thus, we suggest that the developmental programming of the neuronal circuits activated during behaviors that are situated in domains impaired in ASD relies on normal C1 metabolism levels in utero. Moreover, behaviors associated with autism that are not vital for the ASD diagnosis but that are present with high comorbidity (eg, learning and memory, anxiety) depend on either the offspring genotype (female) or on both the maternal and offspring genotypes (male) ( Table 3 ). This finding involved. [62] [63] [64] Maturation of amygdala connectivity to subcortical brain areas takes place as early as P7, 65 a period during which the offspring is fully dependent on maternal metabolites. In a rat amygdala projections to and from the mPFC and other cortical regions not only exhibit a delay in their establishment, but they also undergo extensive reorganization until they reach full maturation late, during the third and fourth weeks of the rat's life and sometimes later. [65] [66] [67] These events take place during a period when cortical layer rearrangements also occur. Moreover, the third to sixth weeks of rodent life constitute a period of time when glutamatergic and GABAergic synaptogenesis in the mPFC increase markedly. 65 Late development of this pathway was also observed in humans. 62 In rodents, these critical stages in mPFC circuit maturation take place during a period when the pups begin to independently explore for their food and to rely less on maternal nutritional contributions. 68 Thus, the establishment of neuronal circuits that support social behavior may depend on certain preset conditions that have been established based on the metabolic status of the maternal in-utero environment. Thereafter, they are exposed to the metabolic status dictated by offspring genotype.
The pronounced effect of the Mthfr deficiency observed in males compared with the milder influence detected in females is depicted in Table 3 . Besides the known difference in ASD rates among males and females, 57, 59, 60 in humans, gender-dependent differences in the activation of brain regions that support social behavior and in the motor circuits activated during repetitive behavior were found in autistic children. 69 These differences may lead to the gender-specific trajectories of autistic social impairment that have been observed in children and adolescents. 70 A similar difference in the autistic social phenotype was observed in mouse behavior in the resident-intruder test, which resembles an aggressive social situation. 47 In our study, although both males and females were affected by genotype, different aspects of their behavior were impaired ( Figure 3F-I ).
Among the behaviors associated with ASD and tested in the current study is recognition memory, which was affected by both the maternal and offspring Mthfr genotypes. Recognition memory depends on mature mPFC-hippocampus and hippocampal-entorhinal cortex circuitry. 71, 72 The maturation of this circuitry, which in healthy mice appears to parallel the maturation of mPFC glutamatergic innervation (around the age of P30 in rodents), was previously exemplified by late onset of the ability to perform a task. 73 In males, both the maternal and offspring Mthfr genotypes contributed to memory impairment. Therefore, although the neuronal circuitry supporting this behavior develops postnatally, our findings indicate that the in-utero environment had long-lasting implications for the development of the neuronal foundation required for recognition memory in rodents. The crucial role played in the epigenetic programming of corticohippocampal memory circuits by the in-utero environment and by maternal nourishment during lactation was previously noted 74, 75 and can explain both our results in mice and those of previous reports in male rats, where gestational choline supplementation enhanced recognition memory. 76 Thus, postnatal maturation of the cortico- hippocampal circuit depends on the levels of C1 metabolism in the inutero and postnatal environments. Mouse performance in the social novelty preference test and in the object recognition test depend on the test subject mouse's memory of the familiar mouse and on the familiar objects, respectively, and the choice to interact with the novel stimulus. Although different domains of memory rely on different neuronal circuits, common brain regions participate in these two types of memory. Intriguingly, male offspring to Mthfr+/− dams were impaired in these two tasks ( Figures 2H and 3E ), suggesting possible dysregulation in the brain regions shared by the two different tasks.
Anxiety-related behavior is also associated with ASD. Similar to our previous findings, wherein offspring genotype was associated with anxious behavior in an elevated plus maze, 38 here we found an association between offspring Mthfr+/− genotype and stress-related variables. This study and another by K.E. Stevens' group 77 also show an association between C1 metabolism, prenatal stress and longlasting anxiety-related behavior. A possible molecular mechanism for such an effect was described in a human study, where the level of cortisol and the methylation status of genes involved in the stress response in fetal driven tissue undergo epigenetic modification in association with higher maternal choline intake during the third trimester of pregnancy. 78 These studies also illustrate the lifespan implications of in-utero C1 metabolism.
Mouse strains vary widely in their basal social behavior. 40, 44 Strains commonly used in ASD research include C57BL/6J with significant sociability and SV129 with low social approach. 27, 29, 31, 32 In strains with low social approach, such as the Balb/c strain (used in the current study) and SV129, special attention is given to variables representing mouse behavior, such as sniffing, during the time the mouse spends in a particular chamber of the arena as suggested by the comprehensive comparative study by Moy et al. 40 Finally, differential changes in the population of PV interneurons were observed in the offspring of Mthfr-deficient dams, adding to the body of evidence linking this subpopulation of interneurons to ASDlike behavior. Failure to express PV in interneurons was reported in particular brain regions of several ASD mouse models. [27] [28] [29] [30] [31] [32] Indeed, lack of PV was sufficient to induce autistic-like behavior. 27, 33, 34 The specificity of the change to the cingulate cortex is of particular inhibition by this region. 80 Among high functioning ASD individuals, lack of activation of the cingulate cortex regions related to selfresponse was reported. 81 The changes observed in the current study in cingulate cortex PV neurons support a role for these cells in ASD.
Similar to the majority of cortical interneurons, PV cells originate in the ganglionic eminence and migrate during the last gestational trimester to their cortical destination via a long and complex pathway, thus rendering them susceptible to changes that occur in the molecular landscape along the migratory path. [82] [83] [84] In addition, the expression of PV protein, which appears around P14 and the protein continues to accumulate thereafter, was shown to be susceptible to pre-and postnatal conditions. 85, 86 Mthfr deficiency was also associated with an alteration in the layer distribution of PV immunoreactivity in response to a change in the location of inhibitory input. Changes in the laminar distribution of PV innervation may alter circuit processing, as suggested previously in other psychiatric disorders. 87 In the current study, we cannot definitively determine whether the embry- 
